TAKEDA, R. and HAJI , A. Elect rophysiological Properties of Respiratory
Laryngeal Motoneurons and Effects of Thiopental . Tohoku J. Exp. Med., 1988, 156, Suppi., 21-31 -Transmembrane potentials of the respiratory laryngeal motoneurons were recorded in decerebrate , vagotomized and paralyzed cats. Twenty inspiratory and thirteen postinspiratory neurons were identified . Periodic membrane potential (MP) fluctuations as well as patterns of postsynaptic poten tials (PSPs) were characterized in each type of neurons by measuring the input resistance and injecting Cl-to reverse inhibitory PSPs . On the basis of PSP patterns, two subtypes of inspiratory neurons could be distinguished. Thiopental (2-3 mg/kg, i.v.) produced depolarization together with reduction of firing in most laryngeal neurons. Excitatory and inhibitory PSPs were both depressed and MP fluctuations became smaller in each phase of the respiratory cycle . Elevation of the firing threshold and separation of IS-SD spikes often occurred after thiopental . These results suggest that thiopental depresses the laryngeal motoneuron through inhibition of synaptic transmission and of spike generation. respiratory laryngeal motoneuron ; membrane potential ; thiopental Respiratory-related (RR) neuronal activities are frequently recorded in the ventro-lateral part of the medulla oblongata. This region is often referred to as the ventral respiratory group. Some of these RR neurons send axons to vagal motor fibers supplying the laryngeal muscles (Kalia 1981; Lobera et al. 1981) . Most vagal motor fibers discharge during inspiration and other fibers are activated during the expiratory cycle (Eyzaguirre and Taylor 1963 ; Barillot and Dussardier 1976). These vagal motoneurons are found intermingled with other types of RR neurons, e.g., proprio-bulbar neurons and bulbo-spinal premotor neurons (Merrill 1970 ; Hukuhara 1973 ; Richter et al. 1975) . It is important to differentiate those neurons driving laryngeal respiratory muscles from broad types of medullary RR neurons responsible for other respiratory functions. The present study was undertaken to obtain more information on the electrophysiological properties of vagal motoneurons using an intracellular recording technique. In addition, effects of thiopental on these neurons have been characterized, since one of major pharmacological features is relative high sensitivity of the laryngeal motoneurons 21 to central depressants including barbiturates (Merrill 1974; Hwang et al. 1983 ).
MATERIALS AND METHODS
Experiments were carried out on decerebrate, vagotomized and paralyzed cats after pneumothorax. The phrenic nerve (PN) from the C5 spinal root was used for monitoring the central respiratory rhythm. Respiratory neurons were sought in the medullary region extending 1.0-2.5 mm rostral to the obex, 3.0-4.0 mm lateral to the midline and 3.0-4.5 mm below the dorsal surface. Glass micropipettes, filled with 3 M KCl having a DC resistance of 10-30 MD, were used. Laryngeal motoneurons were functionally identified by anti dromic activation through electrical stimulation of the cervical vagus nerve. The superior laryngeal nerve (SLN) and the spinal cord at C3 were also electrically stimulated. Input resistances of the neuron were measured by applying constant negative current pulses (0.5-2.0 nA, 80-250 msec) through a recording electrode using a switched current clamp method (switching frequency of 2k-5k Hz at 50% duty cycle) (model 8100-1, Dagan, Minneapolis, MN, USA). "Resting" membrane potentials (MPs) were measured at two points ; one at the most depolarized point which occurred during "active" phase, and one at the most hyper polarized point which appeared during "inactive" phase. These values were calculated by cycle-triggered averagings (CTAs) of MP at 5 consecutive respiratory cycles. Action potential (AP) characteristics ; the amplitude, maximum upstroke velocity, spike duration at 90% repolarization, peak and mean firing frequencies during a burst, were calculated for each neuron using a signal processing computer (ATAC450, Nihon Kohden, Tokyo). Tracheal pressure, arterial blood pressure and rectal temperature were continuously monitored and maintained at normal conditions by appropriate means. End-tidal C02 concentra tions were kept at 4-5%. Drugs were injected into the femoral vein. Differences in the mean values for each group of neurons were evaluated by the Student's t-test (two sides).
RESULTS
We report here observations from 33 neurons which could be antidromically activated by vagal stimulation but not by SLN stimulation. From the temporal relationship between respiratory neuron APs and PN activities, 20 inspiratory and 13 postinspiratory neurons were identified (Richter 1982) . Typical firing patterns and MP trajectories of the inspiratory and postinspiratory laryngeal neurons are illustrated in Fig. 1 .
Inspiratory neurons
Inspiratory neurons displayed augmenting firing associated with "ramp" depolarization during inspiration. At the onset of PN discharge these neurons underwent an abrupt depolarization that was progressively increasing until the transition to postinspiration (stage I expiration). The time between the first spike in a burst and the onset of whole PN activity was not consistent. Some neurons started to fire simultaneously with the phrenic activity (Fig. 1A) , and others had more delayed firing ( Fig. 2A) . We observed two subpopulations of inspiratory neurons having different MP trajectories during the expiratory phase . Fig. I illustrates the one type of motoneurons found in 12 cells. These neurons showed a maximal hyperpolarization during initial period of postinspiration. In these cases, a gradual depolarization and excitatory synaptic "noises" often appeared late in expiration (stage II expiration). Membrane input resistance was lower during postinspiration than during stage II expiration (Fig. 1B) . Intracel lular iontophoresis of Cl-specifically reversed the hyperpolarizing wave in postinspiration to depolarization (Fig. 1C ), indicating that a wave of Cl-depen dent inhibitory postsynaptic potentials (IPSPs) occurred at this phase of respira tory cycle. In addition, the slope of augmenting depolarization became steeper in late inspiration after Cl-injection (Fig. IC) . This suggests the presence of late inspiratory IPSPs in these neurons. Another type was found in 8 cells which showed late expiratory IPSPs. These neurons had either a steady MP trajectory Most values are mean+S.D. Some values are expressed as the minimum-maximum values. Numbers in parentheses represent the number of neuron. In the right two columns, only those neurons which showed reversible, depolarizing responses to the drug are presented. *, Aritidromic APs (2 inspiratory and 2 postinspiratory neurons) are included. -, not determined.
INSP, inspiratory neuron ; PIN, postinspiratory neuron ; MP, membrane poten tial ; HP, MP at the most hyperpolarized point ; DP, MP at the most depolarized point ; Rm, input resistance of the membrane ; Insp, inspiratory phase ; 1-Exp, stage I expiratory phase ; 2-Exp, stage II expiratory phase ; Spont-AP, spontaneous action potential ; Amp, amplitude ; Vmax, maximum upstroke velocity ; D90, duration at 90% repolarization ; Fmax, maximum firing frequency in a burst ; Fmean, mean firing frequency in a burst ; Anti-AP, antidromic AP; TI, latency of antidromic AP; Vc, ( 
Postinspiratory neurons
Postinspiratory laryngeal motoneurons showed a decreme nting firing during stage I expiration . At the beginning of this phase the MP decreased abruptly , resulting in a sudden appearance of APs at high frequency . The membrane remained depolarized during postinspiration and hyperpolarized at an intermedi ate level during stage II expiration . These neurons received prominent IPSPs during inspiration, and their MP was maximally hyperpolarized early in i nspira tion (Fig. IA) . CTAs triggered by the onset of inspiration revealed sym metrical hyperpolarizing waves with a period of 8-10 msec characteristic of the high frequency oscillation (HFO) of MP (Mitchell and Herbert 1974; Remmers et al. 1985) . That the hyperpolarization during inspiration and stage II expiration resulted from Cl-dependent EPSPs was documented by reversal of MP fluctuation after Cl-injection (Fig. IC) as well as by a substantial decrease in input resistance (Fig. 1B) . These alterations were greater during inspiration than during stage II expiration. Excepting these periodic changes in MP trajectory, their electrophysiological properties of the postinspiratory neurons were nearly the same as those of the inspiratory laryngeal neurons (p <0.05) ( Table 1) .
Effects of thiopental Intravenous injection of thiopental sodium (2-3 mg/kg) provoked an immedi ate change in breathing pattern characterized by shortening of respiratory cycle and reduction of respiratory burst activities in PN neurogram ( Figs. 2A and 2C) . In a few cases the respiratory cycle, particularly the inspiratory time, prolonged during the initial 1-2 min, and then shortening of inspiratory and expiratory periods followed. Respiratory activities in the PN recovered completely within 20-30 min.
Thiopental reversibly depolarized the majority of laryngeal motoneurons ; 7 of 8 inspiratory and 5 of 6 postinspiratory neurons. Spontaneous APs transiently increased in firing frequency during initial few breaths following the drug injec tion, and then ceased for 10-20 min ( Fig. 2A) . In 2 inspiratory and 1 postin spiratory neurons, burst activities of APs persisted after thiopental with decreased firing rate. The amplitude and upstroke velocity of these APs decreased and the spike duration prolonged (Table 1 ). Antidromic APs occasionally had an inflection on the rising phase indicating the double composition with IS (initialsegment) and SD (somato-dendritic) spikes. During thiopental-induced depolar ization IS-SD separation often occurred. Fig. 2B further documents that the SD component of antidromic AP disappeared and only IS spikes could be induced after thiopental by increasing the intensity of stimulus pulse. In some laryngeal neurons, the vagal stimulus pulse produced an antidromic AP and subsequent orthodromic APs superimposed on excitatory postsynaptic potentials (EPSPs). The latent period of the first EPSP after the vagal pulse was rather inconsistent and ranged between 4.5 and 15.5 msec. Thiopental also elevated the firing threshold for orthodromic APs, delayed the onset of these EPSPs and decreased their amplitudes (Fig. 2D) .
Only two, 1 inspiratory and I postinspiratory neurons, out of 14 laryngeal neurons hyperpolarized by 3-5 mV in response to thiopental. In these neurons, though spontaneous APs were completely eliminated, vagal pulses could still produce antidromic APs (not shown).
Thiopental decreased the slope of inspiratory ramp depolarization both in depolarized ( Fig. 2A) and hyperpolarized inspiratory neurons. Transition to postinspiration occurred much earlier in these neurons, resulting in a decrease of inspiratory time. The rate of slow depolarization during expiration (Fig . 1A) diminished after the drug . The MP profile of these inspiratory laryngeal neurons became flat during expiration . Reduction of the periodical MP fluctuations was also observed in postinspiratory neurons . Rapid depolarizing waves at the beginning of postinspiration and slow hyperpolarization during stage II expira tion were decreased by thiopental . One of the major findings commonly observed after thiopental was a decrease of synaptic "noises" throughout the whole respira tory cycle of both inspiratory and postinspiratory neurons ( Figs . 2A and 2C) . Thiopental slightly increased the input resistance of an inspiratory neuron , but had little effect on that of a postinspiratory neuron (Table 1) . One type of laryngeal inspiratory neurons showed evidence of a wave of IPSPs during postinspiration and late inspiration. Another type of neurons showed late expiratory IPSPs. The phrenic motoneurons have a uniform pattern of expiratory IPSPs resembling the latter type of laryngeal neurons (Berger 1979). Thus, on the basis of the expiratory IPSP pattern, it can be assumed that the neural composition of the laryngeal inspiratory motoneuron pool is different from that of the phrenic motoneuron pool. It has been shown that these two groups of inspiratory nerves receive different driving sources (Richardson and Mitchell 1982; Hilaire et al. 1983 ). The drives to the laryngeal respiratory motoneurons seem to be more vulnerable to anesthetics (Merrill 1974; Hwang et al. 1983 ).
Postinspiratory laryngeal neurons receive waves of IPSPs during inspiration and stage II expiration. Moreover, inspiratory IPSPs show a synchronized HFO wave. This wave has been demonstrated in the bulbar respiratory structures and their motor outputs (Cohen 1973; Richardson and Mitchell 1982; Kato et al. 1987 ), and appears to be synaptically mediated (Mitchell and Herbert 1974; Remmers et al. 1985) . In contrast, the rapid depolarizing wave at the transition from inspiration to postinspiration could be brought about by rebound excitation or disinhibition (Richter and Ballantyne 1983; von Euler 1986 Besides the interaction with synaptic transmission , thiopental also depressed the excitability of the postsynaptic membrane as evidenced by elevation of firing threshold, separation of IS-SD spikes and block of APs . This occurred at various MP levels following thiopental. It is unlikely , therefore, that the block of AP results solely from excessive depolarization. This paradoxical effect of thiopental consisting of a slow depolarization together with a clear reduction in firing is similar to that observed in the cortical (Bernardi et al . 1982 ) and caudate neurons (Herrling and Hull 1980) in response to dopamine. These authors postulated two sites of action mediating, respectively, depolarization of the somato-dendritic membrane and inhibition of spike generation at the initial-segment.
As described above, the MP of laryngeal motoneuron is controlled by the periodic synaptic inputs and intrinsic membrane properties, and barbiturates seem to affect both mechanisms. The timing, intensity and integrative characteristics of excitatory and inhibitory inputs are different among different respiratory neurons in the medulla oblongata (Richter and Ballantyne 1983; Ballantyne and Richter 1984; von Euler 1986) . Thiopental may exert diverse effects on these factors resulting in either depolarization or hyperpolarization of the membrane. In addition, a change of MP trajectory in one phase of respiratory cycle affects the MP of the subsequent phase. For example, the rebound depolarization that occurs in postinspiratory neurons at the end of inspiration depends on the level of the preceding hyperpolarizing wave (Richter and Ballantyne 1983) . A reduction of the inspiratory IPSPs would be expected to decrease this depolarization.
A final feature of results is that the respiratory cycle shortens following thiopental. Complementary results have been provided that barbiturates prolonged the respiratory cycle at relatively higher doses (Brodie 1959; Ngai 1960; Florez and Borison 1969; Hukuhara 1973) . The duration of neural inspiration and expiration are attributed to several factors that affect the central rhythm generator (Cohen 1979; Richter 1982; Richter and Ballantyne 1983; von Euler 1986) . Different sensitivity of the medullary respiratory neurons to anesthetic agents seems to reflect their functional roles in the respiratory rhythmogensis (Hukuhara 1973) . The present results demonstrate a relatively high sensitivity of laryngeal neurons to thiopental in respect of depression of the rhythmic firing. However, we still lack evidences which could account for the mechanism of action on bulbar structures controlling the respiratory rhythm. 
